Abstract-Two designs for polarization independent GaAsAlGaAs interferometric electrooptic modulators are described. One design uses the linear electrooptic effect to couple degenerate TE/TM eigenmodes of a single-mode waveguide. In the other design the eigenmodes need only he near degenerate. The design using the coupling between near degenerate TERM modes utilizes a novel biasing scheme. A novel polarization independent GaAs-AlGaAs interferometric optical modulator based on this design has been fabricated and characterized at 1.3 pm. This modulator is fabricated as a traveling wave modulator incorporating 50 (1, phase velocity matched, low microwave loss electrodes for maximum electrical bandwidth.
I. INTRODUCTION
OLARIZATION independent modulators are very attrac-P tive choices for fiber optic systems. However, to obtain polarization independent operation in guided wave devices using 111-V compound semiconductors is difficult. The main difficulty is to get the same field induced refractive index change or absorption for both polarizations. Several recent approaches using tensile strained quantum wells achieved polarization independent operation in Mach-Zehnder [ 11 and directional coupler geometries [2] . By use of strained quantum wells the device can be made rather compact. However, temperature sensitivity, chirp, insertion loss, and growth requirements are possible difficulties. Another approach uses bulk electroabsorption to make intensity modulators [3] . This again results in compact devices, but insertion loss and temperature sensitivity issues still remain. On the other hand, the linear electrooptic effect can be used at wavelengths far away from the absorption edge and can result in low loss, chirp free operation. But the small electrooptic coefficient makes it difficult to make compact devices. Furthermore, it is difficult to utilize this effect to get the same index change for both polarizations. It is possible to use the linear electrooptic effect on [ 11 11 oriented substrates to make polarization independent directional coupler switches [4] . But it is difficult to obtain cleaved facets with [ 11 11 oriented substrates.
In this paper, we report a GaAs-AlGaAs traveling wave Mach-Zehnder electrooptic modulator that works for both TE and TM polarized light. This modulator uses the linthe device is rather long it has the potential for very wide electrical bandwidth because it is a traveling wave design incorporating a phase velocity matched, SO-0 characteristic impedance, low-loss electrode structure. This makes this device particularly suitable for analog microwave applications that require very wide small-signal electrical bandwidths and polarization independence. In the following sections, we first describe two approaches to make polarization independent modulators based on the linear electrooptic effect. This is followed by the experimental results on one of the approaches and a discussion and conclusions.
PRINCIPLE OF DEVICE OPERATION
Top view and cross-sectional schematics of the device are shown in Fig. 1 . The wafer is a [loo] MBE grown unintentionally doped GaA-AlGaAs heterostructure. The heterostmcture is almost self depleting because of surface Fermi level pinning and depletion originating at the semi-insulating substrate interface. The optical structure is a Mach-Zehnder interferometer made out of single-mode rib waveguides. The electrode structure is a specially designed 50-0 impedance coplanar waveguide that is phase velocity matched with the optical guides [SI, [6] .
The electrodes make Schottky contacts with the heterostmcture. When a differential voltage is applied between two adjacent electrodes, two back-to-back Schottky diodes are biased. This creates a depleted region with a large electric field over the optical guide between them. As shown in Fig. 1 (b) this electric field is predominantly horizontal in the optical guides between the electrodes, that is, [Oll] directed. This perturbs the index ellipsoid through the electrooptic effect. The major and minor axes of the resultant index ellipsoid are at 45" with respect to the main electric field components of the TE and TM eigenmodes of the optical waveguide as illustrated in Fig. l(b) [7], [8] . Furthermore, the index increase An along the major axis of the index ellipsoid is exactly the same as the index decrease along minor axis such that Jan = ; (27.41131) (1) Manuscript received March 22, 1995; revised December 26, 1995 coupled mode system, which are Here PTE; ,&M are the unperturbed propagation constants of the TE and TM modes respectively and K is the coupling constant. K is proportional to the applied electrode field and can be expressed as [9] 
Using (2), the perturbations to TE and TM propagation constants can be written as AD, , = -6 + JZGG?
where (5) is the "detuning" parameter and is a measure of the phase velocity mismatch between the TE and TM eigenmodes. The magnitude of the propagation constant perturbation is the same for both TE and TM polarizations, so IA/?TEI = ~AYTM~ = as seen in (4). This change as a function of 6 is plotted in Fig. 2 with 1 6 1 as a parameter.
In addition to this propagation constant perturbation, coupled mode theory predicts transfer of energy between the TE to the center conductor. The resulting electric fields in the interferometer arms are then equal in magnitude but opposite in direction. Therefore the 6 ' s in the arms are of opposite sign since K is directly proportional to the electric field as seen
where L is the length of the electrode. In this case, an incoming TE(TM) polarized mode is completely converted to an TM(TE) polarized mode in both arms. But since the amplitude of the converted eigenmode A ( z ) is sensitive to the sign of K , the modes at the ends of the arms are of opposite phase. Therefore, when combined at the output, a TE(TM) polarized input excites the first higher order TM(TE) mode that radiates in the single-mode output section. So the modulator works just like a regular Mach-Zehnder modulator except that the higher order radiation mode excited in the output is of the opposite polarization than the input excitation. For 0 5 K L 5 n/2 different degrees of modulation are achieved and the polarization of the output will be the same as the polarization of the input. This is very similar to the scheme proposed in reference [IO] utilizing a special electrode geometry in LiNbO3. However, in the case of GaAs the implementation is different because of the different form of the index ellipsoid.
It is interesting to note that if the electric field is applied in the [ 1001 (vertical) direction, regular Mach-Zehnder operation for TE polarization only results. Under push-pull operation the electric field required to turn this polarization dependent modulator completely off can be calculated using (2nlX)AnL = n/2 where IAal = 2 (n3~41lE1), which is the same as the index perturbation for a [110] directed electric field. Combining these two conditions one obtains lEl = X/(2Ln37-41), which is the same field required to turn off the polarization independent modulator determined using K L = 7rI2 where K is given in (3). Therefore, in a 111-V compound semiconductor Mach-Zehnder, when 6 = 0 an electric field applied in [ 1101 direction generates a polarization independent operation with the same efficiency as the resulting TE only operation when the same electric field is applied in [IOO] direction.
In practice, the 6 of an optical waveguide depends on the geometry of the guide. By proper design, it is possible to fabricate optical guides with 1 6 1 5 2 radcm. However, even for such low 1 6 1 values the described mode of operation will yield modulators with poor extinction ratio since the light that is not polarization converted passes through unaffected. But a different approach can be employed to eliminate this difficulty as described next.
shown in Fig. 2 together with the mode conversion effect of Fig. 3 . To illustrate this, consider the IS/ = 3 case as an example. As seen in (2), for phase constant perturbation only the magnitude of K (equivalently the magnitude of the electric field) is relevant. Therefore, to create a differential phase shift between the arms, the magnitudes of the electric field in the arms of the interferometer should be modified with respect to one another. The biasing scheme shown in Fig. l(b) achieves this. The dc biases on the outer conductors generate electric fields of differing magnitude but the same direction in the arms. These dc-bias generated 161's and their effect are indicated in Figs. 2 and 3 . When a modulating signal is applied to the signal electrode, the magnitude of the electric field will decrease in one arm and increase in the other. This decreases the phase constant perturbation A@ in c ,e arm and increases it in the other as shown in Fig. 2 . The same differential phase shift is created between the arms ic: both polarizations since A@ is polarization independent. At the same time the polarization conversion in the arms will also change. the dc-bias voltages are adjusted such that the 161's are around a local point of symmetry as shown in Fig. 3 , the change of polarization conversion will be nearly the same in both arms. This assures that equal amounts of each eigenmode will be present at the output for maximum interference. The efficiency of this modulator is the differential phase shift generated as a function of applied voltage. This depends on the slope of the A,6 versus 1~1 curve of Fig. 2 . As long as IS/ is not too large efficiency is very close to that of S = 0 case for which the slope is 1. For example, even for 6 = 5 at 1 6 1 = 5 the slope is 0.71, which indicates that this mode of operation will require a 40% increase in the operating voltage compared to TE only operation or polarization independent operation when 6 = 0.
EXPERIMENTAL RESULTS
The dimensions of the interaction region of the fabricated device are illustrated in Fig. 4 . The vertical structure is MBE grown on a semi insulating GaAs substrate and is unintentionally doped. It consists of a 1-pm-thick top cladding Alo,04Ga0.gGAs layer on a 1.45-pm-thick GaAs core, which is on top of a 2.5-pm-thick Alo.o.1Gao.96As bottom cladding layer. Beneath this is an Alo.40Gao.60As layer to prevent leakage of the mode into the substrate. This layer was utilized to minimize the thickness of the bottom Alo.o4Gao.g6As layers so that the entire structure is more readily depleted. The optical guides are rib waveguides of trapezoidal shape with base widths of 3 pm. The height of the rib is 1 pm and is controlled using a 200-A-thick Alo.40Gao.6oAs etch stop layer. This allows the precise control of the guide geometry, which is essential to get a predictable 6 value. The optical measurements were done by end fire coupling a 1.3-pm DFB laser of known polarization into the input facet of the device with a microscope objective. The output was focused onto a detector with another microscope objective through an adjustable width slit to spatially filter out the optical mode from the stray background light. The single pass optical loss of the entire 1.8-cm-long structure was measured to be at most 6 dB using to the method outlined in [14] .
The 1 6 1 was determined by measuring the fractional mode conversion in one arm of the interferometer. This is done by applying a voltage to the corresponding outer conductor while the other two electrodes are kept grounded. The result shown in In the experiments we investigated analog applications in which a sinusoidal signal is the modulating signal. We also want the optical response of the modulator in phase with the sinusoidal modulating signal. Therefore, the maximum of the applied signal, V, , , , should correspond to the modulator on state. This requires Ab or IC, to be the same in both arms. This means that the magnitude of the voltage difference between the two arms should be the same to keep the arms balanced.
Arbitrarily assuming VI < 0 and V, > 0 and using Fig. 2 , we obtain lVll + V, , , = V2 -V , , , .
Again, to keep the modulator response in phase with the modulating signal we want the minimum of the applied signal, -V , , , , to correspond to the modulator off state. Then, based on Fig. 2 , the voltages across the arms are JV1J -V, , , , and V2 + V,,,. The magnitude of these voltages determine the IC, and A/? values on both arms. We want the A p difference between the two arms T . Since 161 was high and the electrode gap of 9 pm was large we could not obtain the required T phase difference between the arms. Therefore, we tried to maximize the A 0 difference between the arms to get as close to 7r as possible. Since lVll -V, , , is the lower magnitude we chose it to be the lowest possible value, which is zero.
The maximum V2 + V, , , can ever get is limited by the breakdown voltage, VB, of the Schottky electrodes. If this value is exceeded excessive current injection into the optical guides will occur, which could create additional index charge do to carrier injection and heating. The maximum reverse electrode current limit was chosen to be 100 pA. This occurred at a voltage difference of 70 V. If we combine these three conditions, namely IVlI+V,,, V2-Vn,,,, IVlI-V,,, = 0 and V2 + V, , , = VB we obtain lVll = Vj3/4 FZ 17 V, v2 = 3 V~/ 4 FZ 51 v, and v, , , = V B /~ k5 17 v.
These bias values maximize the A@ difference between the arms. However, we do not get the same degree of TE/TM conversion in both arms. This is because we are not biased around the symmetry of the power transfer characteristics shown in Fig. 3 . This combined with less than 7rAp difference makes off state less than ideal and reduces the odoff ratio.
The TM large signal responses with no bias and with maximum extinction ratio biases applied are shown in Fig. 7 . These bias values are close to the ideal ones calculated above. Due to different bias voltages on the arms there is a built in phase shift for both polarizations. That is why when the signal voltage is zero the light output is about 65% of its maximum value. For one polarity of the applied signal the phase shift between the arms for both polarizations decreases, thus increasing the light output. For the opposite signal voltage polarity, the phase shift increases and the light output decreases. This is consistent with the desired mode of operation. The large 1 6 1 value resulted in the larger than expected operating voltage. The 9 pm gap between the electrodes is another important factor responsible for large drive voltages required. As described earlier this also resulted in an o d o f f ratio of only 5 : 1 since the relative amounts of TE and TM polarizations in the arms was not balanced as well as the relative phase shift between the arms was less than T .
In this mode of operation one should not see any modulation with no bias applied. The slight modulation observed with no bias in Fig. 7 is due to the Fabry-Perot effect originating from the cleaved facets of the modulator. Although the applied signal to the center conductor with no bias does not create a differential phase shift between the arms, it creates an overall A p in both arms. This changes the electrical length of the Fabry-Perot cavity resulting in the observed modulation characteristics. This result is consistent with the observed single-pass loss of the device. This undesired modulation will be eliminated when the facets are anti-reflection coated as in any realistic operation. Fig. 8 is a comparison of the optimal TE and TM transfer functions that are very close to one another. The TE-bias voltages for optimal extinction ratio are slightly different than for TM. This is mainly due to the electrode employed. Along the 9-pm-wide section of the electrode the small vertical component of the electric field does not contribute to the TE response due to its odd symmetry over each optical waveguide. However, along the periodic slots of the electrode this odd symmetry no longer exists, hence a small vertical component of the electric field creates a differential phase shift for the TE polarization. This is not a big contribution since slots exist only over 30% of the electrode, and the field is quite weak on the slotted sections. Nevertheless the electrode is long enough to make the modulation of the TE polarized input slightly more efficient. This additional contribution to TE polarization also necessitates changing the bias values slightly to make the on state of the modulator coincide with the peak of the modulating signal. However, this is not a fundamental property of this approach and is an artifact of the electrode geometry employed.
IV. CONCLUSION
In this paper, two possible designs of polarization independent modulators utilizing only the linear electrooptic effect were given. A polarization independent electrooptic modulator using one of these approaches was demonstrated. This modulator operates by controlling the coupling between near degenerate TERM modes and the propagation constant perturbation created by this coupling. This control is possible through a novel biasing scheme, which changes the magnitude of the field in both arms of the interferometer in a push-pull fashion. The observed odoff ratio was low due to relatively large phase velocity mismatch between the TE and TM eigenmodes. This combined with the large electrode gap resulted in high operation voltage. However, polarization independent operation was achieved, demonstrating the feasibility of the idea.
[ 
